r Absence epilepsy is characterized by the occurrence of spike-and-wave discharges concomitant with an alteration of consciousness and is associated with cognitive comorbidities.
Introduction
The whisker-sensory system is crucial for the interactions of rodents with their environment. Accordingly, whisker-related information is processed by highlyorganized neuronal circuits from the barrel-field primary somatosensory cortex (S1Bf) (Feldmeyer et al. 2013; Crochet et al. 2018) . The information follows a canonical circuit involved in its integration, which has been described in several sensory areas (Douglas et al. 1989; Douglas & Martin, 1991; Lefort et al. 2009 ). In rodents, the S1Bf performs a fine coding of the amplitude and/or direction of each whisker's deflection, therefore allowing a precise detection of the texture encountered by the animals, (Bruno et al. 2003; Kremer et al. 2011; Estebanez et al. 2016; Kerekes et al. 2017) . This specific organization develops during brain maturation (Bureau et al. 2004) and relies on spontaneous activation and experience (van der Bourg et al. 2017) . Despite their role in physiological processes, neuronal circuits can also be involved in pathological processes, as shown in epilepsy (Epsztein et al. 2005; Feldt Muldoon et al. 2013) .
Absence-epilepsy (AE) is characterized by recurrent absence seizures associated with spike-and-wave discharges (SWDs) initiated in the cortex (Holmes et al. 2004; Tucker et al. 2007 ) without structural or lesional origins (Berg et al. 2010 ). Yet, AE is associated with cognitive impairments (Caplan et al. 2008) , although addressing their cause in the clinic remains difficult. Determining whether physiological functions are altered in non-traumatic epileptic networks is essential for understanding the pathophysiology of idiopathic epilepsies and associated comorbidities.
In a genetic model of AE, the genetic absence epilepsy rat from Strasbourg (GAERS) (Depaulis et al. 2016) , we first showed that SWDs are initiated in the barrel field (S1Bf), the whisker-related part of the primary somatosensory (S1) cortex, in line with previous reports (Polack et al. 2007) . Despite recurrent epileptic activities arising from sensory cortices, it is possible to record sensory-evoked potentials (SEPs) during inter-ictal periods in GAERS, as in human patients (Chipaux et al. 2013) . However, it remains unknown whether sensory information is processed the same way in epileptic vs. non-epileptic cortex or whether sensory coding needs to adjust in epileptic circuits, leading to specific comorbidities. Indeed, sensory information is treated by highly specialized neocortical circuits (Harris & Mrsic-Flogel, 2013) and pathological conditions such as Fragile-X syndrome have been shown to modify this coding, leading to sensory hypersensitivity (Zhang et al. 2014) . We hypothesized that the S1Bf cortex of GAERS processes tactile information differently from that in non-epileptic rats, such that the physiological function is maintained, notwithstanding frequent SWDs. Accordingly, we investigated the intracortical sequence of sensory information across S1Bf cortical layers evoked by multiwhisker stimulations and, in parallel, analysed the ability of GAERS to discriminate textures.
Methods

Ethical approval
The investigators understand the ethical principles under which the journal operates and the work conducted in the present study complies with its animal ethics checklist. All protocols were approved by local Ethical Committees (Grenoble Institute of Neuroscience, La Tronche, France) and the French Ministry of Research (APAFIS#9761-201712514393900 v3) and experiments were carried out in accordance with European Union guidelines (directive 2010/63/EU). Adult GAERS male rats (aged 2-4 months old, n = 29) of the Grenoble colony and age-matched control Wistar rats (n = 28) (Charles River, L'Arbresle, France) were used to perform these experiments. They were maintained under a 12:12 h light/dark cycle with food and water available ad libitum.
Local field potential (LFP) recordings in freely-moving rats
Electrode implantation. Rats were stereotaxically implanted in the S1Bf with bipolar electrodes (Enamelled copper wire, diameter 220 μm; Block, Verden, Germany) when they were anaesthetized with a mixture of xylazine (5-10 mg kg −1 I.P.; Rompun R ; Centravet, Taden, France) and ketamine (40-100 mg kg −1 I.P.; Clorketam1000 R ; Vetoquinol, Lure, France). Incisions and compression points were infiltrated with lidocaine (2%; Centravet). Stereotaxic co-ordinates were antero-posterior from bregma (AP): −2.5 mm; mediolateral: −5.5 mm; dorsoventral: −2.5 mm (Paxinos & Watson, 2007) . A stainless steel screw (diameter 1 mm) inserted over the cerebellum served as the reference electrode. All electrodes were soldered to a female microconnector (BLR150Z; Fischer Elektronik, Lüdenscheid, Germany) and secured on the head of the animal with dental cement.
Video-LFP recordings. After a post-surgery recovery period of 1 week, LFPs were acquired from freely-moving rats with a digital acquisition system (Coherence 3NT; Deltamed, Le Bouscat, France) with a sampling rate of 1024 Hz and analogue bandpass filtering between 1 and 256 Hz, synchronized with the video. Rats were recorded for 60 min. The occurrence of cortical discharges on LFP recordings was always confirmed with respect to the video.
LFP signal analysis. Spectral analysis of cortical discharges was performed using ImaGIN, an open source SPM toolbox for intracranial electroencephalograms (https:// f-tract.eu/software/imagin) written in Matlab (The MathWorks, Natick, MA, USA) for Fast Fourier Transforms (FFT) of intracortical LFPs, as described previously (Pouyatos et al. 2016) . To determine the functional link between SWDs and gamma oscillations, we quantified the cross-frequency coupling by phase-coupling analysis using Brainstorm (Tadel et al. 2011) , which is freely available for download online under the GNU general public license (http://neuroimage.usc.edu/brainstorm).
FlexMEA and silicon probes recordings
Surgery. Rats were initially anaesthetized for surgery with ketamine and xylazine, as described above, and then immobilized with D-tubocurarine hydrochloride pentahydrate (0.4 mg kg −1 , I.P.; Sigma-Aldrich, SaintQuentin-Fallavier, France) and artificially ventilated. They were maintained in a sedated state by repeated injections of fentanyl (1 μg kg −1 , i.p.; Janssen-Cilag, Issy Les Moulineaux, France). This preparation allows the recording of immobilized GAERS in a quiet-wakefulness state prone to SWD occurrence during which sensoryevoked responses of the barrel cortex are similar to wakefulness (Depaulis et al. 2016) . A craniotomy over the S1 cortex allowed the insertion of either a FlexMEA (32 channels; Multichannel System, Reutlingen, Germany) subdurally (n = 4) or linear silicon probes (16 channels, 15 μm site, diameter 150 μm inter-site distance; Neuronexus Technologies, Ann Arbor, MI, USA) (n = 12). The insertion depth of the silicon probes was controlled via a micromanipulator. Post hoc detection of polarity reversion in infragranular layers (Kandel & Buzsáki, 1997) associated with DiI application on the back of the probes was used to assess its location in cortical layers. During silicon probe recordings, a tin ECoG electrode was positioned on the dura mater near the silicon probe. For FlexMEA (i.e. flexible microelectrode array) recordings, LFP was amplified through a miniature preamplifier (MPA32; Multichannel System). For linear silicon probes recordings, the signal was amplified through two miniature preamplifiers (MPA8i, Multichannel System, Germany). For both types of electrodes, preamplifiers were connected to a 32-channel programmable gain amplifier (PGA-32, voltage gain, ×200; Multichannel System) and sampled at 5 kHz (FlexMEA) or 20 kHz (silicon probes) (16 bit ADC). Recordings were collected on a personal computer via a CED interface (Cambridge Electronic Design, Cambridge, UK) using Spike 2 software (Cambridge Electronic Design).
SEPs. Sensory responses were evoked by air puffs (50 ms) timed by a pressure device (PMI-200; Dagan, Minneapolis, MN, USA) and delivered to the contralateral whiskers. Air puffs, which deflected four to eight whiskers by ß10° ( Chipaux et al. 2013 ), were applied 60-100 times at 0.24 Hz. The principal whisker could not be detected precisely, although the orientation and pressure (10-20 psi) of the air puff was adjusted to generate a SEP of maximal amplitude (i.e. the most specific response) (Mahon & Charpier, 2012; Chipaux et al. 2013 ).
Signal analysis. The FlexMEA signal was analysed using the ImaGIN toolbox. SWDs were extracted from the raw signal and the h 2 coefficient of non-linear correlation was calculated for the total duration of SWDs (Lopes da Silva et al. 1989; Pijn et al. 1990; Meeren et al. 2002; Wendling et al. 2009 ) for each pair of electrodes of the array, aiming to estimate the strength and directionality of the association between all pairs of electrodes and detect the driving-electrodes during the SWDs. We then calculated the mean h 2 value for all comparisons of one single electrode as the h 2 output vs. input differences and obtained the mean directionality of the association for each electrode. Epileptogenicity Index (EI) analysis was also performed on the same data for the total duration of SWDs, as described previously (David et al. 2011) . Briefly, a time-dependent FFT analysis of SWDs and their baseline was performed to measure spectral power over time. Baseline was chosen as period of at least 20 s without strong artefact before SWDs. EI, which is the Student's t value of the comparison of power between ictal and baseline periods, was computed for each electrode to estimate the strength of high frequency oscillations (60-400 Hz). Both h 2 and EI mean results for each electrodes were plotted on colour-coded maps and their comparison allowed the localization of the seizure onset zone. Silicon probes raw signal was bandpass filtered (0.1-100 Hz) for current source density (CSD) analysis. J Physiol 597.3 CSD was computed on each recording site as the second spatial derivative (Nicholson & Freeman, 1975) to detect extracellular sources and sinks in S1Bf layers using the formula:
where Ф is the LFP, z is the vertical co-ordinate depth of the electrode and z is the inter-recording site distance. Accordingly, CSD calculation for the LFP of an electrode (x) takes into account the LFP signal from electrodes (x), (x − 1) and (x + 1). Therefore, we performed the CSD calculation for electrodes 2 to 15 from the 16-contacts silicon probe and obtain a 14-row CSD map. Multi-unit activity (MUA) was detected as negative event ࣙ2 SD of the baseline on the passband-filtered trace (0.6-6 kHz). LFP and MUA analysis were performed using custom-written Matlab scripts and Spike2 software (Cambridge Electronic Design).
Immunohistochemistry
Slice preparation and staining. Animals (aged 2-3 months old) were killed with an overdose of pentobarbital (200 mg kg −1 , I.P.) and transcardially perfused with PBS followed by 4% paraformaldehyde (PFA). Brains were collected, postfixed (4% PFA at 4°C, overnight), cryoprotected (30% sucrose at 4°C for 2 days), frozen in isopentane (−40°C for 1 min) and cut into coronal sections (40 μm thickness). Free-floating sections were saturated and permeabilized in 0.25% Triton X-100, 2% BSA in PBS (1 h at room temperature). Primary antibodies were incubated in PBS (4°C, overnight). The primary antibodies used were: anti-neuronal nuclei (NeuN; mouse; dilution 1:500; Merck Millipore, Billerica, MA, USA), anti-ɣ-amino-butyric acid (GABA; rabbit; dilution 1:250; Sigma-Aldrich), anti-parvalbumin (PV; mouse; dilution 1:500; Sigma-Aldrich) and anti-somatostatin (SOM; rabbit; dilution 1:250; BMA Biomedicals, Augst, Switzerland). After extensive washing in PBS, sections were incubated with appropriate species secondary antibodies conjugated to Alexa Fluor 488, 555 (dilution 1:500; Life Technologies, Grand Island, NY, USA) in the dark (2 h at room temperature) followed by 4 ,6-diamidino-2-phenylindole (DAPI) counterstaining (Hoechst; dilution 1:2000; 5 min at room temperature; Invitrogen, Calrsbad, CA, USA). Brain sections were extensively washed and mounted onto glass slides and coverslipped with anti-fading mounding medium (Aqua Poly/Mount; Polysciences, Inc., Warrington, PA, USA).
Image analysis. Confocal images were acquired using an inverted confocal microscope (LSM 710; Carl Zeiss, Oberkochen, Germany). Cellular counting was performed manually using ImageJ (NIH, Bethesda, MD, USA) in the S1Bf based on the expression of specific markers (NeuN, GABA, PV) on slices randomly chosen within co-ordinates between −2 mm and −3 mm from bregma (Paxinos & Watson, 2007) . Supragranular (2/3), granular (4) and infragranular (5 and 6) layers were separated based on DAPI and/or NeuN staining over a 5 μm thick image stack. The areas of layers 2/3, 4, 5 and 6 were measured with Fiji (NIH). For each animal (n = 5 per group), we estimated the cell density in four different slices and the average of five values was used for statistical comparison between groups.
Texture discrimination task
This test was adapted from the discrimination task used in mice (Wu et al. 2013; Chen et al. 2018 ) and the novelty recognition task developed for rats (Ennaceur & Delacour, 1988) . It is specific to whisker-related information processing because whiskers and S1Bf have to be intact for the rat to be able to perform correctly (Wu et al. 2013; Chen et al. 2018) . The protocol and its timeline are shown in Fig. 5A . This test was carried-out in an arena (50 × 50 × 50 cm). On day 1, rats were individually habituated to the arena for 10 min. On day 2, two columns (5 × 6 × 9 cm) with identical textures were placed in opposite corners of the arena. Each rat was placed in the centre of the arena and left for 5 min of habituation to the textured columns (encoding phase). The rat was then put back into its home cage for 5 min (consolidation phase). The two columns were replaced by one column with the same texture as that used during the encoding phase and one with a new texture. The rat was allowed 3 min to explore the new columns (testing phase). The textures were composed of 50 and 120 grit sandpapers (Diall; Templemars, France), chosen as the difference allowing the best discrimination in rodents (Wu et al. 2013) . The location of the columns and the 50 and 120 grit sandpaper were randomly selected as habituated or novel textures to avoid biases. The tests were video recorded and analysed by an observer who was blind to the animal strains. The exploration of the two textures was determined as approaches with the nose of the rat in a 4 cm width area around the columns. The discrimination index was calculated as the ratio of the difference of time spent exploring the two columns with respect to the total exploration time. The time that rats spent touching the object with their body was not counted. Rats were included in the analysis only if they spent more than 10 s of total exploration during each phase.
Locomotion and anxiety-like behaviour tests
Rats were individually placed in an open arena (50 × 100 cm) artificially divided in a central zone (25 × 75 cm) and an external zone corresponding to a 12.5 cm stripe between the central zone and the wall of the arena. The test was recorded using a video tracking system (ViewPoint, Lyon, France). The locomotion was quantified as the total distance travelled during the 10 min of the test. The number of entries and the total time spent in the central zone were quantified to evaluate anxiety-like behaviour.
Statistical analysis
Statistical analysis was performed using Prism, version 7 (GraphPad Software, San Diego, CA, USA). Comparison between experimental groups was performed using a non-parametric Mann-Whitney test unless otherwise mentioned. Data are reported as the mean ± SEM. P ࣘ 0.05 was considered statistically significant.
Results
SWDs are initiated in the S1Bf cortex in GAERS
Several studies performed in two genetic models of absence epilepsy (i.e. GAERS and WAG/Rij) have shown that SWDs are initiated in the primary somatosensory cortex (S1) (Meeren et al. 2002; Polack et al. 2007; David et al. 2008) and suggested that SWD are generated in the oro-facial part of this region (Meeren et al. 2002; Polack et al. 2007 ). S1 LFP recordings are characterized by the presence of SWDs (Fig. 1A ) coherent with an increased LFP power between 4 and 10 Hz, as well as between 40 and 80 Hz (Fig. 1B) . This increased power was significant in the SWD frequency band (6-8 Hz) (Fig. 1B) . The increase in the gamma frequency band (40-60 Hz) was concomitant with the 6-8 Hz LFP power elevation of SWDs (Fig. 1C) . Those oscillations (i.e. SWD and gamma) are functionally related, as highlighted by their phase-amplitude coupling relationship during SWDs (Fig. 1D) .
To better localize the cortical area initiating SWDs, we used a 32 channel subdural FlexMEA placed on the surface of the cortex in adult GAERS to cover unilaterally a large cortical area (6 × 4 mm), including the S1 and adjacent cortices (i.e. motor, parietal and part of the auditory cortices). To determine where SWDs first arise, we calculated the h 2 coefficient (Lopes da Silva et al. 1989; Meeren et al. 2002; Wendling et al. 2009 ), a non-linear correlation index between all pairs of electrodes that allows the identification of driving electrodes during the seizure (i.e. the epileptic onset zone) (n = 4 rats, n = 80 SWDs). We found the highest h 2 coefficient in the primary S1, with a hot spot in the S1Bf, and a progressive decrease from S1 to M1 cortex (Fig. 1E, left) . We took advantage of the functional link between SWDs and gamma oscillations (Fig. 1D) to confirm the h 2 results with the EI, commonly used in the clinic (Bartolomei et al. 2008; David et al. 2011; Roehri et al. 2017) (Fig. 1E, right) . This analysis indicated that the highest EI was also found in the S1Bf.
Our data confirm the localization of the SWD generator in the S1 in GAERS and further suggest that SWDs are specifically initiated in the S1Bf.
Inhibitory interneurons are increased in the S1Bf of GAERS
Based on the functional interaction between SWDs and gamma oscillations (Fig. 1D ) and the known role of PV+ and SOM+ interneurons in gamma oscillation generation (Buzsáki et al. 1983; Traub et al. 1996; Mann et al. 2005; Cardin et al. 2009; Sohal et al. 2009; Veit et al. 2017) , we hypothesized that GAERS could present a layer-specific increase of interneurons density, especially of PV+ or SOM+ cells. Recent studies indicated modifications of GABAergic interneurons densities in models of genetic epilepsy that further support our hypothesis (Wimmer et al. 2015; Papp et al. 2018) . NeuN staining for neurons did not show significant difference in neuronal density between GAERS and Wistar controls ( Fig. 2A and B) . However, GABA staining ( Fig. 2A) and PV staining (Fig. 2D) for inhibitory interneurons revealed a significant increase of interneurons density in layer 5 in GAERS ( Fig. 2C and E) , whereas the density of SOM+ (Fig. 2D ) was significantly increased in layer 4 in GAERS (Fig. 2F) .
Our data obtained in the GAERS reveal an increase of SOM-expressing interneurons in layer 4 and PVexpressing interneurons in layer 5 of S1Bf, which is the same layer that has been suggested to initiate spikes during SWDs.
SEPs are delayed in GAERS
Because the S1Bf of GAERS generates SWDs and presents an increased density of interneurons, we hypothesized that its function (i.e. coding and integration of sensory information mediated by the whiskers) would be impaired. To examine whether the S1Bf of GAERS codes whisker-mediated information as in Wistar rats, we first analysed the characteristics of the peak of ECoG-recorded SEPs (i.e. latency and amplitude) after whisker stimulations by air puff in immobilized rats ( Fig. 3A and B) . Although the peak amplitudes of SEPs were not significantly different between GAERS and Wistar rats (GAERS: 382 ± 51 μV, Wistar: 276 ± 80 μV; Mann-Whitney test, P = 0.43) (Fig. 3D) , we observed a significantly longer latency in GAERS (GAERS: 52 ± 3.7 ms, Wistar: 35.8 ± 3.2 ms; Mann-Whitney test, P ࣘ 0.05) (Fig. 3C) .
We further examined whether sensory stimuli were processed by the S1Bf circuit in GAERS with the same canonical sequence (L4→L2/3→L5/6) as in Wistar. Accordingly, we recorded LFP activity among cortical layers using multichannel silicon probes (Fig. 3A) and analysed the evoked intracortical SEPs by CSD analysis to determine the sequence of activity upon air puff stimulation. In Wistar rats, in L4, we first observed a sink associated with a local source, which was followed by a similar dipole in L2/3 and then in L5, in agreement with . C, quantification of the mean density of GABA+ interneurons among S1Bf cortical layers (n = 1350 and 1577 cells for Wistar and GAERS, respectively). D, example immunostaining of DAPI (blue), PV (red) and SOM (green) among S1Bf cortical layers for Wistar (left) and GAERS (right). E, quantification of the mean density of PV+ interneurons among S1Bf cortical layers (n = 356 and 448 cells for Wistar and GAERS, respectively). F, quantification of the mean density of SOM+ interneurons among S1Bf cortical layers (n = 181 and 223 cells for Wistar and GAERS, respectively). Scale bars = 100 μm (mean ± SEM; n = 5 rats per group; open circles represents one rat; * P ࣘ 0.05, Mann-Whitney test). 
. Sensory-evoked LFP activity in the S1Bf
A, schematic drawing of the experimental preparation allowing air puff induced SEP recordings over S1Bf in immobilized rats. Inset: DiI trace of the silicon probe in the S1Bf. Scale bar = 400 μm. B, example traces of SEP evoked in Wistar (green) and GAERS (black) (mean ± SEM; n ࣙ 35 SEPs per group). Dashed line indicates the onset of 50 ms air puff stimulation. C and D, quantification of the latency and amplitude of the peak of SEP after air puff stimulation (mean ± SEM; n = 6 and 5 for Wistar (green) and GAERS (black) respectively; open circles represents one rat; * P ࣘ 0.05, Mann-Whitney test). E and F, examples of CSD maps of average SEP among cortical layers with 16-contact linear silicon probes. Corresponding LFP traces are overlaid over colour maps (n = 6 rats per group, n ࣙ 35 SEPs; linear colour code scale).
the canonical circuit (Reyes-Puerta et al. 2015; van der Bourg et al. 2017) (Fig. 3E) . In GAERS, we observed a similar sequence, although with a delay of a few milliseconds, as for EcoG, comprising a weak sink in L4 associated with a positive LFP deflection not observed in Wistar rats and with a more pronounced dipole of current (i.e. more local activity) in L5/6 compared to Wistar controls (Fig. 3F) . In addition, we observed a sink ß300 ms after whisker stimulation (Fig. 3F) , suggesting an increased neuronal activation, especially in L2/3 neurons in GAERS, which was not observed in Wistar rats. In both groups, CSD analysis revealed higher sinks in supraand infragranular layers, most probably because of the multiwhisker stimulation activating the paralemniscal pathway (Lübke & Feldmeyer, 2007) .
Our data suggest that sensory information are processed in the S1Bf of GAERS via the canonical circuit, although the evoked responses are delayed compared to Wistar controls.
Neuronal-evoked activity is delayed and duplicated in GAERS
To confirm the LFP sequence of activation after multiwhisker stimulation, we further analysed the response to air puff delivery on neuronal MUA among cortical layers of the S1Bf (Fig. 4A) . As expected, in Wistar and GAERS, we observed an increase of MUA within the first 150 ms following the stimulation as indicated by the grand-average peristimulus time histograms (PSTH) representing the mean activity among cortical layers (Fig. 4B) . The peak response during these first 150 ms was at 30 ms for Wistar rats, whereas GAERS presented a significant delay in all layers ( Fig. 4B and C) , with comparable coefficient of variations (69% vs. 64% in L2/3, 56% vs. 48% in L4, 49% vs. 49% in L5/6 for Wistar and GAERS, respectively) and in line with our ECoG results and CSD analysis. The mean activity among cortical layers was ß120 Hz in Wistar rats but only 80 Hz in GAERS in all layers (Fig. 4B) . Z scored PSTH maps confirmed the peaks of activity and further described the selective response of neurons to whisker stimulation among cortical layers (Fig. 4D) . The MUA evoked within the first 150 ms was significantly decreased in L4 in GAERS compared to Wistar rats (Holm-Sidak test, P ࣘ 0.05) (Fig. 4E) and the activity at the first peak was significantly decreased in all layers (Holm-Sidak test, P ࣘ 0.05) (Fig. 4F ). This suggests that the response to the stimulation was less selective and less synchronized in GAERS than in Wistar rats. This synchronized activation observed at the peak in Wistar rats was followed by a post-activity depression not observed in GAERS. However, in GAERS, we observed a second and higher peak (280-340 ms) (Fig. 4B and D) , in coherence with the observed late sink on the CSD map (Fig. 3F) . There, the MUA increase appeared to occur first in L5 (Fig. 4D, right) . This second peak appeared specific to GAERS because no change of MUA was detected in Wistar rats (Fig. 4B, D and G) . Notably, L5 neurons in GAERS displayed a continuous high-frequency activity that was not present in Wistar rats (data not shown), in line with our previous observations (Polack et al. 2007) .
The results of the present study show that the neuronal activity evoked in S1Bf by whiskers stimulation is different in GAERS compared to Wistar controls. Although the sequence of neuronal activations across layers in GAERS follows the canonical circuit, their response during the first 150 ms is blurrier than that in Wistar rats, which present a more significant MUA increase at the early peak (10-50 ms), suggesting a higher selectivity to whisker stimulation (van der Bourg et al. 2017) . Our MUA data also confirmed the delay in the neuronal response to air puff, which could be a result of the increased inhibition suggested above by the increased density of PV+ and SOM+ neurons in S1Bf, as well as the existence of a second phase of neuronal activity ß250 ms after the first one.
GAERS rats are able to discriminate between textures
Although sensory processing in GAERS involves the canonical circuit in the S1Bf cortex, the delayed and secondary responses to whisker stimulation suggested that their ability to discriminate between textures could be affected. Therefore, we investigated whether sensory integration was efficient in GAERS using a behavioural test of texture discrimination (Fig. 5A ) in which the integrity of the whisker-related pathway of sensory processing is mandatory (Wu et al. 2013; Chen et al. 2018) . In this test, both GAERS and Wistar rats were able to discriminate between the two proposed textures because they spent more time exploring the new texture during the testing phase (Fig. 5B-D) (Wilcoxon signed rank test against 50% chance, P ࣘ 0.05). Moreover, we found no differences between the performances of GAERS and Wistar rats in this task (Mann-Whitney test, P = 0.47) (Fig. 5E) . Importantly, this test was specific to whisker-related signalling because GAERS were no better able to discriminate after whisker trimming (data not shown), in line with previous reports (Wu et al. 2013; Chen et al. 2018) .
To confirm that these results were not biased by a decreased locomotion and/or increased anxiety-like behaviour, as suggested by previous studies with respect to GAERS (Jones et al. 2008) , we monitored the locomotor activity of GAERS and Wistar rats in an open field (50 × 100 cm) (Fig. 6A) . The total distance travelled during 10 min was not different between the two groups (Mann-Whitney test, P = 0.4) (Fig. 6B) . GAERS spent significantly more time in the central area and entered significantly more frequently in this zone (Fig. 6C) , suggesting a reduced anxiety-like behaviour in GAERS . MUA-evoked activity in the S1Bf cortex A, example traces of MUA (black) recorded in the S1Bf during whisker stimulation and corresponding raster plots (red). B, grand average PSTH among cortical layers. Dashed lines represent 100 spikes s −1 . C, box plot distribution of MUA peak activation latency among cortical layers ( * P ࣘ 0.05, Mann-Whitney test). D, Z scored PSTH of MUA activity with respect to the cortical layers for Wistar (left) and GAERS (right). Dashed lines highlight the beginning of MUA-evoked activity. E, quantification of the MUA-evoked activity between 0 and 150 ms after the onset of air puff stimulation in Wistar (green) and GAERS (black). F, quantification of the MUA-evoked activity activity between 10-50 ms after the onset of air puff stimulation in Wistar (green) and GAERS (black). G, quantification of the MUA-evoked activity between 280 and 340 ms after the onset of air puff stimulation in Wistar (green) and GAERS (black) (mean ± SEM; n = 6 rats per group, n ࣙ 35 SEPs per group; * P ࣘ 0.05, Holm-Sidak test).
compared to Wistar controls. Moreover, no seizures were observed on the video in GAERS during the time spent in the central area. Finally, using the rotarod test, we observed no difference in sensory-motor co-ordination between GAERS and Wistar rats (Mann-Whitney test, P = 0.8) (Fig. 6E) . Our behavioural data suggest that, despite the critical involvement of S1Bf in SWD initiation and the changes observed in sensory-evoked activity processing, GAERS are nonetheless able to integrate whisker-related sensory information.
Discussion
Understanding the link between altered physiological functioning and seizures in idiopathic epilepsies is essential for unravelling and taking better care of associated comorbidities in human patients. In this respect, sensory processing that involves specific neocortical circuits to allow a refined coding of information from the environment is probably altered in an epileptic cortex. In the present study, we showed that, despite the presence of abnormal neuronal activities and populations, sensory circuits of S1Bf from GAERS rats were still able to process whisker-related information. Indeed, we showed that GAERS are able to integrate and remember thin texture differences and also that the intracortical processing involves the canonical circuit, as in Wistar rats. However, our data also revealed a delay in this information processing and the existence of a neuronal activity reverberation in GAERS.
Characterizing the physiopathology of the seizure onset zone
In the present study, it was important to precisely locate the site of seizure initiation in the S1 cortex of GAERS and perform depth recordings within the exact site that drives SWDs to test its specific function. Accordingly, we compared the results obtained with h 2 and EI analysis, which are two methodologies that have already been used to identify seizure onset zones in animal models (Meeren et al. 2002) and patients (David et al. 2011; Roehri et al. 2017) . The h 2 map, which results from the average of directionality comparisons between pairs of electrodes, was less focal than the EI map, which takes into account only the local dynamic activity of each electrode. Although each method has its limitations (Roehri et al. 2017) , they both highlighted the S1Bf as the site of SWD initiation among the different cortical regions explored with FlexMEA. Because S1Bf codes for whisker activity (Bruno et al. 2003; Estebanez et al. 2016) , these data further raised the issue of a possible alteration of the neuronal circuits involved in sensory processes in GAERS. We therefore evaluated the capacity of sensory integration in GAERS. With this aim, we chose a spontaneous discrimination task because, as a non-associative test, it does not require any training of the rats and is not dependent on motivational aspects or learning processes (Grayson et al. 2015) . This is important, especially in AE, which has been shown to be associated with such comorbidities in patients (Caplan et al. 2008) . This choice was also motivated by data suggesting that GAERS present an anhedonic behaviour, as indicated in the sucrose preference test (Jones et al. 2008 ). This could have been a confounding factor in associative tests where motivation can be critical. Because an increase of anxiety-like behaviour has also been described in GAERS (Jones et al. 2008 ) that could have influenced our discrimination test, we also examined the time spent in the central area of an open space. Our data rather indicate a reduced fear in GAERS compared to Wistar rats, in line with the results reported in previous studies (Vergnes et al. 1991; Marques-Carneiro et al. 2014) .
Wistar
Potential role of GABAergic inhibition in sensory impairment
Even though the sensory integration did not appear to be affected in GAERS, we provide electrophysiological evidence suggesting that sensory coding is processed differently in these animals. Indeed, whisker stimulation induced delayed evoked responses in GAERS compared to Wistar rats both on LFP and MUA. This delay could be the result of interference regarding the pathological circuit with the canonical circuit in S1Bf. Especially, our immunolabelling data revealed an increased GABAergic density in the S1Bf network in GAERS, suggesting an enhanced inhibition that could at least partly explain the delayed response after whisker deflection. Because PV+ and SOM+ interneurons are essential for sensory coding and gamma oscillation (Cardin et al. 2009; Buzsáki & Wang, 2012; Veit et al. 2017) , an increased number of these interneurons could explain the augmented gamma power in GAERS that not only favours SWDs, but also may alter sensory coding. A recent study showed no difference in terms of GABA+ interneurons in the S1Bf of GAERS (Bombardi et al. 2018) . By contrast, another recent study showed an elevation of PV+ interneurons in the S1 cortex of GAERS that was not present in WAG/Rij (Papp et al. 2018) . As was suggested, this could reflect the difference in epileptogenesis time-course between the two models of AE: because SWDs appear later in WAG/Rij (3 months vs. 3 weeks in GAERS) (Jarre et al. 2017) , the increase of PV+ cells in GAERS could result from the repetition of SWDs. This suggests that the increased density of inhibitory interneurons could rather be a consequence of the repetition of seizures than its cause. However, the cellular migration of interneurons should be finished before the appearance of SWDs in GAERS (Wonders & Anderson, 2006) , therefore suggesting that their increased density could rather participate, at least indirectly, in the initiation of SWD by promoting the pro-epileptogenic activities of high-frequency oscillations (Cardin et al. 2009; Veit et al. 2017) . In this case, comorbidities associated with AE could partly result from the plasticity induced by seizure recurrence, as suggested recently (Bombardi et al. 2018) . If this hypothesis is confirmed in the clinic, it raises the need to detect and block absence seizures as soon as possible in patients. This increased inhibitory activity is in line with previous data suggesting an increased GABAergic tone in GAERS (Cope et al. 2009; Chipaux et al. 2011) , as well as a greater sensitivity to GABAergic analogues (Vergnes et al. 1984) . It remains to be examined whether the impairment of some subunits of GABA A receptor observed in these animals also participates in the delay of sensory processing (Spreafico et al. 1993) .
Duplicated sensory-induced neuronal response in the epileptic cortex
The most striking result that we collected in the present study is the existence in GAERS of a second wave of neuronal activity. This reverberation of response could allow a better encoding of the sensory information, as reported in other sensory cortices (Bermudez Contreras et al. 2013; Rothschild et al. 2017) . This is coherent with the fact that the response elicited during the first 100 ms following whisker stimulation is less important in GAERS compared to Wistar rats, suggesting a decreased neuronal selectivity to sensory stimulation. This second wave could be caused by a retro control inside the epileptogenic thalamocortical loop. Indeed, corticothalamic neurons activated by the whisker stimulation could activate inhibitory neurons from the thalamic reticular nucleus, in turn inducing a rebound activation of thalamocortical neurons (Buzsáki, 1991; Pinault et al. 2001; Pinault, 2003) that can initiate the subsequent secondary wave of cortical MUA onto the hyperexcitable neurons from S1Bf in the GAERS (Polack et al. 2007 ). This same second wave of MUA could also be triggered by a feedback activity coming from the motor cortex that is essential to sensory integration and accurate perception (Manita et al. 2015) . Our data suggest that this second wave is generated in L5, a finding that is in agreement with recent studies showing that neurons of this layer are able to synchronize the cortical column and generate cortical waves (Stroh et al. 2013) . It is also in agreement with our previous data showing that deep layer neurons are hyperexcitable in the GAERS (Polack et al. 2007) . We propose that the hyperexcitability of neurons in the deep layers could favour the reverberation of the sensory information upon the initial activation (Bermudez Contreras et al. 2013) . Whether this intense second wave compensates the less selective and synchronized initial response and allows J Physiol 597.3 GAERS to maintain efficient whisker-mediated tactile performances remains to be examined. Indeed, GAERS are able to discriminate textures, in coherence with previous studies showing normal evoked responses in these animals (Chipaux et al. 2013) . Our data, performed in adult GAERS, cannot determine whether the changes that we observed are a result of the repetition of generalized seizures rather than the building up of the epileptogenic circuit.
Conclusions
Altogether our results highlight the interference of epileptic networks on physiological processes but also suggest the existence of neuroplasticity processes that may arise to compensate the subsequent impairments. In human patients, AE has been shown to be associated with cognitive comorbidities such as attentional deficits and speech defaults (Caplan et al. 2008; Glauser et al. 2010) . Whether these comorbidities are associated with an impairment of the neural circuit in the frontal cortex suggested to be one of the main seizure onset zone (Holmes et al. 2004; Tucker et al. 2007 ) requires further investigation. Compensatory processes, as suggested by our data in rats, may also occur in young patients preserving them from serious crippling comorbidities.
